Introduction
Glycoconjugates are major components of the cell surface of mammalian cells, and their carbohydrate structure changes dramatically during development. Specific sets of carbohydrates are characteristic of different stages of differentiation, and distinct carbohydrates are expressed in tissue-and cell-specific manners in both developing and mature organisms (Feizi, 1985) . Aberrations in these cell-surface carbohydrates are often associated with malignant transformation and other pathological conditions including immunological deficiency (Hakomori, 1984; Fukuda, 1996; Rademacher et al., 1988) .
Among various cell surface carbohydrates, the functional significance of O-glycans is not well understood; however, several reports suggest that these molecules are involved in the modulation of adhesive processes. O-glycans expressed on eggs were shown to be a receptor for sperm in both mouse (Florman and Wassarman, 1988) and sea urchin (Kitazume-Kawaguchi et al., 1997) . The P-and L-selectins bind with higher affinity to sialyl Le x 6364 © Oxford University Press present in O-glycans than in N-glycans (Lasky et al., 1992; Sako et al., 1993) . This higher affinity binding may be the result of ligand multimers binding to multimeric O-glycans.
In O-glycans, various ligands, including those functional in selectin-carbohydrate interactions, can be formed only in core 2 branched O-glycans, which are synthesized by core 2 β-1,6-N-acetylglucosaminyltransferase, C2GnT Bierhuizen and Fukuda, 1992) . In T-cell development, the synthesis of the core 2 branch is restricted to cortical thymocytes, and core 2 branched oligosaccharides are no longer synthesized in medullary thymocytes . This switching off of core 2 branchings is critical for proper apoptotic process in T-cell development, and continuous expression of the O-glycans apparently inhibits apoptosis occurring during thymocyte development . In peripheral T lymphocytes, quiescent T cells express exclusively simpler O-glycans while core 2 branched O-glycans appear only when T cells are activated by mitogens (Piller et al., 1988) . In these instances, it has been shown that the expression of core 2 branched O-glycans and C2GnT is well correlated (see Figure 1) .
Expression of core 2 branched oligosaccharides is substantially increased in pathological conditions. In contrast to untransfected cells, rat fibroblasts and mammary carcinoma cells transfected with T24Hras express core 2 branched oligosaccharides as they become metastatic tumors (Yousefi et al., 1991) . In patients with immunodeficiency such as the Wiskott-Aldrich syndrome (WAS) Piller et al., 1991) , AIDS (Saitoh et al., 1991) and leukemia Saitoh et al., 1991) , leukocytes in the peripheral blood express a substantial amount of core 2 branched oligosaccharides.
The majority of O-glycans in T lymphocytes is present in CD43 (leukosialin) (Andersson et al., 1978; Carlsson and Fukuda, 1986) . Strikingly, antibodies specific to the O-glycans attached to CD43 are produced in patients with AIDS (Ardman et al., 1990) . Since antibodies specific to leukosialin induce biochemical and functional changes in T lymphocytes in vitro (Mentzer et al., 1987) , human antibodies present in patients' blood may have similar effects on thymocytes, resulting in inappropriate activation of thymocytes during the process of maturation (Lefebvre et al., 1994) . However, it has not been determined whether auto-antibodies play a role in the pathogenesis of AIDS.
Several studies indicate that CD43 is directly involved in cell-cell interaction, and binding of CD43 to ICAM-1 has been demonstrated (Rosenstein et al., 1991) . Moreover, CD43 has been shown to provide a co-stimulation during T-cell activation (Sperling et al., 1995) and to be a T-lymphocyte receptor for binding to high endothelial venules during lymphocyte recruitment to the lymph node (Piller et al., 1988) . The expression of the core 2 O-glycan is directed by core2:β-1,6-N-acetylglucosaminyltransferase, C2GnT, which forms a crucial core 2 branch, denoted by boxes. The CD43-130 kDa glycoform carrying the core 2 O-glycans is dominantly expressed in resting T cells from Wiskott-Aldrich syndrome patients . (McEvoy et al., 1997) . In order to understand how expression of core 2 oligosaccharides in CD43 on T lymphocytes modulates cell-cell interaction, we have generated transgenic mice whose T cells overexpress C2GnT under the control of the T cell-specific lck promoter.
Here we show that lymphocytes overexpressing core 2 branched oligosaccharides exhibit reduced primary immune responses when assayed for delayed-type hypersensitivity, T-cell proliferation responses and cytokine production. Such reduced immune responses are associated with a significant decrease in adhesion of those T lymphocytes to ICAM-1 and fibronectin, demonstrating that the reduced immune responses are caused by impaired adhesion of those T lymphocytes expressing branched O-glycans.
Results

Generation of transgenic mice overexpressing core 2 O-glycans on T cells
To overexpress core 2 O-glycans on T-cell surface glycoproteins, we used a well-established transgenic expression vector utilizing the proximal promoter of p56 lck (Chaffin et al., 1990; Anderson et al., 1993; Levin et al., 1993; Alberola-Ila et al., 1995; Swan et al., 1995) to target the expression of mouse core 2 β-1,6-N-acetylglucosaminyltransferase (mC2GnT) to the T-cell lineage of transgenic mice (designated Lck-mC2GnT). Figure 2A provides a schematic diagram of the lck-mC2GnT expression construct, which includes a 3.2 kb fragment of the lck proximal promoter, a 2.0 kb mC2GnT genomic fragment and a 0.8 kb fragment derived from SV40, which provides a polyadenylation signal (Chaffin et al., 1990; Klarsfeld et al., 1991) . A 6 kb fragment containing the expression cassette was injected into FVB/N mouse zygote pronuclei using standard techniques.
We established two transgenic mouse lines (Lck-mC2GnT-1 and -2). Figure 2B shows Southern blots of genomic DNA from those transgenic lines. With a BamHI digestion, the endogenous mC2GnT gene gives a 2.2 kb fragment and the transgene gives a 1.4 kb fragment.
Comparison of the transgene signal with that of the endogenous gene indicates that~10 copies of the transgene were present per mouse genome in both lines (Figure 2 ). In all of the experiments shown below, almost identical results were obtained using two independently generated transgenic lines. Therefore, we conclude that clonal variations played little or no role in determining the phenotype of either line. In both lines, thymocytes, splenocytes, lymph node cells and peripheral blood lymphocytes from the transgenic mice showed dramatically increased activities of mC2GnT (Table I) . However, there was no detectable difference in C2GnT activity between the kidney of the transgenic and control mice, since the lck promoter is specific for the T-cell lineage (Table I ). The expression of core 2 O-glycans results in the high molecular weight glycoform of CD43, CD43-130 kDa, while cells expressing CD43 carrying simpler tetrasaccharides exhibit the low molecular weight glycoform, CD43-115 kDa. The two different forms of CD43 can be distinguished by two different monoclonal antibodies specific to each glycoform. As shown in Figure 3A , an increase in the number of cells expressing the CD43-130 kDa glycoform was observed in thymus, spleen, lymph nodes and peripheral blood lymphocytes from the transgenic mice and those expressing CD43-130 kDa glycoform were found to be αβTCR ϩ cells. No increase in the expression of the CD43-130 kDa glycoform was, however, observed in B220 ϩ cells (data not shown).
Western blot analysis demonstrated that T lymphocytes derived from the transgenic mice express almost exclusively CD43-130 kDa, while CD43-115 kDa is the dominant form in the leukocytes derived from wild-type mice ( Figure 2C ). The immunoblot analysis of other O-glycoproteins such as CD44 and CD45RB revealed that O-glycans on those proteins were also altered (data not shown). In contrast, no difference in the molecular weight of CD2 and CD29 was noted between wild-type and transgenic mice, in agreement with the fact that they do not contain O-glycans ( Figure 2C ).
In the Lck-mc2GnT transgenic mice, no gross developmental defects were observed and the mice developed and bred normally. We expected that core 2 O-glycan overexpression would influence T-cell development, since a decrease in C2GnT expression is associated with the transition from cortex to medulla in the thymus . However, the number of thymocytes and the CD4 and CD8 subset population were comparable between normal and transgenic mice ( Figure 3B ). The expression levels of CD3, CD4, CD8, αβTCR, CD44 and CD45RB in thymi and spleens from the Lck-mC2GnT transgenic mice were also comparable with those of wild-type littermates (data not shown). We conclude that overexpression of core 2 O-glycans on T-cell surface glycoproteins did not affect thymocyte development.
Lck-mC2GnT transgenic mice showed reduced primary T-cell responses
We then examined whether overexpression of core 2 O-glycans on T-cell surface glycoproteins in the transgenic mice affected T-cell function in vivo. In order to test whether primary T-cell responses were reduced in the transgenic mice, the mice were immunized with keyhole limpet hemocyanin (KLH). At 7 days after the immunization, mice were re-challenged with PBS and KLH in the right and left ears, respectively. After 24 h, the swelling of each ear was measured, and the delayed-type hypersensitivity (DTH) response was measured as ear swelling. The DTH responses in the transgenic mice were much reduced when compared with the control mice ( Figure 4A and B). The DTH response is a complex reaction that involves several steps. One possible mechanism that could account for the reduced DTH response in the transgenic mice was reduced T-cell activation, since molecules which bear core 2 O-glycans, such as CD43, CD44 and CD45, have been shown to participate in cell-cell interactions during T-cell activation (Rosenstein et al., 1991; Chui et al., 1994; Sommer et al., 1995; Sperling et al., 1995) . In order to examine whether T-cell activation is impaired in the transgenic mice, draining lymph node cells from mice already primed with KLH were re-stimulated with KLH in vitro. KLH-specific T-cell proliferation was reduced in those T cells derived from the transgenic mice ( Figure  5A ). In parallel, we measured IL-2, IFN-γ and IL-4 production. As shown in Figure 5C -E, a substantial decrease in the production of IL-2, IFN-γ and IL-4 was observed in CD4 ϩ T cells of transgenic mice compared with those from wild-type mice. In contrast, there was no significant difference in the response when T cells were stimulated with mitogens such as phorbol-12-myristyl-13-acetate (PMA) and ionomycin, which do not require cellcell interaction for activation ( Figure 5B ). Taken together, these results indicate that CD4 ϩ T cells in the draining lymph nodes from the Lck-mC2GnT transgenic mice were poorly activated. We suggest that this impaired activation leads to a reduced primary T-cell response.
Reduced proliferative responses of T lymphocytes from Lck-mC2GnT transgenic mice
The results obtained in the above in vivo and in vitro assays showed a reduction in the level of T-cell activation in response to an antigen in the transgenic mice. To further examine the differences in T-cell activation, we tested T cells for the ability to proliferate in response to T-cell activators. T-cell activation requires two distinct signals. The first signal is delivered through T-cell receptorantigen interaction. The second signal, called a co-stimulatory signal, is delivered through other receptor-ligand interactions, such as ICAM-1-leukocyte function-associated antigen-1 (LFA-1) and CD80-CD28 (Linsley and Ledbetter, 1993) . We examined these interactions in vitro by incubating T cells from wild-type and transgenic mice on plates coated with anti-CD3 antibody and mouse ICAM-1-immunoglobulin G fusion protein (mICAM-1-IgG) to serve as a co-stimulatory molecule (Damle et al., 1992). T cells from the Lck-mC2GnT transgenic mice showed a reduced proliferative response compared with those from control mice, at various concentrations of mICAM-1 ( Figure 6A ). Those T cells from the transgenic mice or control mice did not proliferate on the plates coated with mICAM-1 alone (data not shown). In addition, we measured IL-2 production by T cells upon this stimulation. T cells from the transgenic mice produced a reduced amount of IL-2 compared with the control (Figure 6B ). The reduced proliferation of T cells from the transgenic mice was restored by the addition of exogenous recombinant mouse IL-2 ( Figure 6C, left) . When T cells from wild-type and transgenic mice were activated with mito- gens such as PMA and ionomycin, there was no significant difference between their proliferative responses ( Figure  6C , right). The latter result indicates that T cells from the transgenic mice proliferate well if the stimulation signals bypass signal transduction through the T-cell receptor and co-stimulatory molecules. These results strongly suggest that stimulatory signals delivered through the interaction of T-cell surface receptors with cognate ligands are less efficient in the transgenic mice compared with the control mice, and that this inefficient signal transduction results in reduced T-cell activation in the Lck-mC2GnT transgenic mice. No difference was observed in the morphology of resting and blast T cells between control mice and the transgenic mice ( Figure 6D ).
Reduced adhesion of T cells from Lck-mC2 transgenic mice to ICAM-1 and fibronectin
To examine further the interaction of cell surface receptors on T cells with cognate ligands, we compared the adhesion of T cells from transgenic and wild-type mice with purified ligands, ICAM-1 and fibronectin, which are recognized by the T-cell surface receptors LFA-1 and VLA-5, respectively (Dustin and Springer, 1991; Ruoslahti, 1996) . As shown in Figure 7 , T cells from transgenic mice bound much less efficiently to ICAM-1 and fibronectin compared with . Reduced proliferative response of T-lymphocytes from Lck-mC2GnT transgenic mice. (A) Mouse ICAM-1-IgG fusion proteins at various concentrations were co-immobilized with anti-CD3 (145-2C11, 0.1 μg/ml). Purified T cells were stimulated with anti-CD3 and mouse ICAM-1-IgG coated on plates. (B) IL-2 production by T cells stimulated with anti-CD3 (0.1 μg/ml) and mouse ICAM-1-hIgG (1 μg/ml) was measured using an ELISA kit from PharMingen. (C) Purified T cells were activated with PMA (10 ng/ml) and ionomycin (0.5 μg/ml). In parallel, 10 ng/ml of recombinant mouse IL-2 (PharMingen) was added to the culture of T cells from Lck-mC2GnT transgenic mice, then the proliferative response was assayed. Cell proliferation was measured by addition of [ 3 H]thymidine for the final 6 h of a 72 h incubation. All experiments were done three times in triplicate and the results were expressed as the mean Ϯ S.E. (D) Purified T cells were stimulated with anti-CD3 and mouse ICAM-1-IgG (1 μg/ml) coated on plates. Cells were photographed after 72 h incubation. Bar ϭ 20 μm.
T cells from control mice. Adhesion to ICAM-1 could be inhibited by preincubation of T cells with anti-LFA-1 antibody, but not by isotype-matched control antibody. These results indicate that T lymphocytes overexpressing core 2 O-glycans adhered much less to ICAM-1 and fibronectin. The adhesion to ICAM-1 could not be inhibited by preincubation of T cells with antibodies specific to CD43-115 kDa glycoform (S7) or CD43-130 kDa glyco- form (1B11) (Figure 7 ), indicating that CD43 is not directly involved in the adhesion to ICAM-1.
Discussion
In the present study, we have generated transgenic mice expressing C2GnT under the control of the T-cell lineage specific lck promoter. T lymphocytes derived from transgenic mice express substantially increased amounts of C2GnT. In contrast, the level of C2GnT activity in the kidneys of the transgenic mice was essentially the same as that found in control mice. As a result, T-cell surface glycoproteins were decorated by bulky core 2 branched O-glycans and those T cells adhered much less to ICAM-1 and fibronectin, compared with T cells derived from wild-type mice. LFA-1 and VLA-5, counter-receptors for ICAM-1 and fibronectin, contain few if any O-glycans (Sastre et al., 1986) . Moreover, integrins which lack hybrid-and complex-type N-glycans were shown to be fully functional (Koyama and Hughes, 1992) . Thus, it is apparent that T-cell adhesion mediated by integrins is not dependent on complexity of carbohydrate. The present results strongly suggest that overexpression of core 2 O-glycans on CD43 and other molecules interferes with adhesion of LFA-1 and VLA-5 with their counter-receptors. Interference with adhesion apparently results in impaired stimulation of T cells as measured by both in vitro and in vivo assays. On the other hand, neither defects in T-cell development nor changes in T-cell morphology were noted. These results, when combined, indicate that expression of the branched core 2 O-glycans on T cells reduces the T-cell immune response by interfering with the interaction of T cells and antigen-presenting cells.
Increased expression of core 2 O-glycans may occur on any T-cell glycoproteins containing O-glycans in the transgenic mice. However, CD43 may be more crucial for modulation of T-cell adhesion to ligands than other glycoproteins on the T-cell surface, because CD43 molecules are present in large numbers (~3ϫ10 6 per cell) on the cell surface and extend far from the cell surface (Cyster et al., 1991) . In addition, CD43 is thought to be involved in the initial interaction of T cells with other cells (for example, antigen-presenting cells) (Rosenstein et al., 1991) , and was reported to be a T-cell co-stimulatory receptor (Sperling et al., 1995) . Leukocytes from CD43-deficient mice showed stronger adhesion to ICAM-1 (Manjunath et al., 1995) , while leukocytes from CD18-deficient patients showed no binding to ICAM-1 (Marlin and Springer, 1987) . In addition, anti-LFA-1 antibody blocked binding of T cells to ICAM-1 almost completely, while anti-CD43 antibodies did not block adhesion to ICAM-1 (Figure 7 ). These results suggest that CD43 may be involved only in the initial binding of T cells to antigen-presenting cells, but eventually this binding is replaced by other counter-receptors such as LFA-1 to attain firm adhesion. As CD43 contains a large number (~80) of O-glycans per molecule Fukuda, 1991) , it is likely that bulkier O-glycans such as core 2 O-glycans interfere with the initial interaction between CD43 and ICAM-1.
In later events during T-cell stimulation, overexpression of core 2 O-glycans on CD43 as well as the other glycoproteins containing O-glycans probably impedes interactions between T cells and antigen-presenting cells (Figure 7 ). This apparently results in poor activation of T cells (Figure 6 ), as exemplified by lower production of cytokines (Figures 5 and 6 ) and reduced T-cell proliferation and DTH response (Figures 4 and 5) .
Our results are consistent with those reported on mice which are deficient in various adhesion molecules through gene knock-out (Sharpe, 1995) . ICAM-1-deficient mice have been reported to exhibit reduced DTH response because of impaired interaction of T cells with antigenpresenting cells (Sligh et al., 1993; Xu et al., 1994) , and mutant mice which have 2-16% of wild-type levels of CD18 expression have been reported to exhibit an impaired inflammatory response and delayed rejection of cardiac allografts because of impaired interaction between LFA-1 (CD11a/CD18) and ICAM-1 (Wilson et al., 1993) . Similarly, proliferation of T cells responding to antigenpresenting cells was markedly reduced in CD28-deficient mice (Green et al., 1994) . Immunosuppression can be also achieved by administering a soluble form of CTLA4, a homolog of CD28 Lin et al., 1993) . These results indicate that interference with the T cellantigen-presenting cell interaction through those co-stimulatory molecules leads to reduced T-cell primary responses. These results suggest that soluble CD43 containing core 2 O-glycans may be clinically applicable for suppressing unnecessary inflammatory responses.
As described above, leukocytes from patients with immunodeficient syndromes such as WAS (Remold-O'Donnel et al., 1984; Higgins et al., 1991; Piller et al., 1991) and AIDS (Saitoh et al., 1991) show an increased activity of C2GnT and increased expression of the core 2 O-glycans. C2GnT activity of the peripheral blood lymphocytes from WAS patients (0.4 nmol/h/mg) is 8-fold higher than that of normal individuals (0.05 nmol/h/mg) . This C2GnT activity and its difference between WAS patients and normal individuals are similar to those found in peripheral blood lymphocytes of the Lck-mC2GnT transgenic mice and the control (Table I) . Moreover, T cells of WAS patients showed reduced proliferation in response to immobilized anti-CD3 antibody and produced much less IL-2 (Molina et al., 1993) , which is similar to the T-cell phenotypes seen in the transgenic mice ( Figure 6 ). Based on our present study, it is tempting to speculate that aberrant expression of core 2 O-glycans on T cells in these patients reduces primary T-cell responses, resulting in immunodeficiency. The gene defective in WAS has been identified (Derry et al., 1994) , and the protein made by the gene interacts with both the cytoskeleton and intracellular signaling systems (Symons et al., 1996) . Future studies will be of significance to determine if the mutated WAS gene in those patients causes constitutive activation of the gene encoding C2GnT, resulting in overexpression of core 2 O-glycans.
It has been shown that activated T cells also express core 2 O-glycans (Piller et al., 1988) . Similarly, the changes in O-glycans attached to mouse CD43 during T-cell activation was detected using Vicia villosa lectin (Kimura et al., 1979) . It is likely that the expression of core 2 O-glycans is a modulatory mechanism which helps to avoid excess T-cell activation and constitutive proliferation of antigen-specific T cells, thereby regulating the immune response under normal conditions. In relation to this hypothesis, it is noteworthy that in the recently reported CD43 null mice, cytotoxic T-lymphocyte activity was enhanced compared with that in wild-type mice (Manjunath et al., 1995) . Our study, however, presents evidence that the glycosylation status of CD43 directly influences the T-cell immune response. Considering that CD43 is the major carrier for O-glycans, the knock-out results can be interpreted that the loss of the core 2 branched O-glycans on CD43 may enhance the immune response. Future studies will be of significance to determine whether that is the case.
Materials and methods
Transgenic mice generation
Mouse C2GnT genomic DNA clones were isolated by standard hybridization techniques using human C2GnT cDNA (Bierhuizen and Fukuda, 1992) as a probe. The Lck-mC2GnT transgene was produced by ligation of a 2.0 kb PstI-XbaI mouse C2GnT gene fragment (containing the entire coding region) downstream of the p56 lck proximal promoter. Purification and injection at 2 ng/ml of the NotI fragment containing the Lck-mC2GnT transgene into FVB/N mouse zygote pronuclei was performed. Transgenic founders were detected by hybridization of genomic DNA with the mC2GnT probe, and stable lines of mice were generated by breeding founders with FVB/N mice.
Western blot analysis
Whole-cell lysates of thymocytes from Lck-mC2GnT transgenic mice and the control were prepared by solubilization in 50 mM Tris-HCl buffer, pH 7.5, containing 1% Triton X-100, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride and 1 μg/ml each aprotinin, leupeptin and pepstatin. The lysates were resolved by SDS-PAGE on a 7.5% gel, and transferred to nitrocellulose filters. The filters were incubated with the monoclonal antibodies, anti-CD43-115 kDa (S7, 2 μg/ml), anti-CD43-6371 130 kDa (1B11, 2 μg/ml) (Barran et al., 1997) , anti-CD2 (RM2-5, 0.5 μg/ml) or anti-CD29 (9EG7, 10 μg/ml). These antibodies were purchased from PharMingen (San Diego, CA). The filters were incubated using an anti-rat secondary antibody conjugated to horseradish peroxidase and the ECL detection system (Amersham Life Science Inc., Cleveland, OH).
Core 2 β-1,6-N-acetylglucosaminyltransferase assay Mouse tissues were homogenized in 0.1-1 ml of extraction solution (0.4% Triton X-100, 150 mM NaCl) with a glass tissue grinder. Extracts were clarified by centrifugation of 16 000 g for 5 min. Clarified supernatants were directly used for assays. The assay was performed essentially as described (Bierhuizen and Fukuda, 1992) . The reaction mixture containing 50 mM MES, pH 7.0, 0.5 μCi of UDP-[ 3 H]GlcNAc (NEN) in 1 mM UDP-GlcNAc, 0.1 M GlcNAc, 10 mM Na 2 EDTA, 1 mM p-nitrophenyl-Galβ1-3GalNAc (Toronto Research Chemicals) as acceptor and 25 μl of crude extracts from the tissues (250 μg protein) was incubated for 1 h at 37°C. The radiolabeled C2GnT reaction product was purified by C 18 Sep-Pak (Waters) column chromatography and counted.
Flow cytometry
Monodispersed cells (1ϫ10 6 ) from mouse tissues were incubated in a final volume of 200 μl with fluorescent-conjugated antibodies (1 μg/ml) at 4°C for 30 min. Phycoerythrin (PE)-conjugated anti-CD43 activationassociated isoform (1B11, 130 kDa glycoform-specific antibody) was purchased from PharMingen. Anti-CD4-PE (GK1.5) and anti-CD8-fluorescein-isothiocyanate (FITC) (53-6.7) were obtained from BectonDickinson Collaborative Biomedical Products (Bedford, MA). All incubations and washes were performed on ice. Analyses were done with a FACScan flow cytometer using the CellQuest program (BectonDickinson, San Jose, CA).
In vivo primary T-cell responses
For delayed-type hypersensitivity (DTH) responses, mice were immunized with 100 μg of Keyhole Limpet Hemocyanin (KLH) (Sigma, St Louis, MO) in a 1:1 emulsion with complete Freund's adjuvant (CFA) at the base of the tail. Seven days after immunization, the thickness of both ears was measured with a dial thickness gauge (Mitsutoyo Corp., Tokyo, Japan). 5 μl of PBS and KLH (5 mg/ml) were then injected into the right and left ears, respectively. Ear thickness was measured again 24 h later (Xu et al., 1996) . For antigen-specific T-cell responses, LckmC2GnT transgenic mice and wild-type mice were injected at the base of the tail with 100 μg of KLH in CFA. After 10 days, the draining lymph nodes were removed and the lymph node cells were cultured in 96-well plates at 5ϫ10 5 cells per well in RPMI 1640 medium supplemented with 10% fetal calf serum, penicillin (100 U/ml), streptomycin (100 μg/ml) and 2-mercaptoethanol (50 μM). The cells were re-stimulated with KLH at 0, 0.1, 1.0 and 10 μg/ml, or activated with phorbol-12-myristyl-13-acetate (PMA) (Sigma) at 10 ng/ml and ionomycin (Calbiochem, San Diego, CA) at 0.5 μg/ml. Cell proliferation was measured by addition of 1 μCi of [ 3 H]thymidine ( 3 H-TdR; NEN, Boston, MA) per well for the final 6 h of a 96-h culture (Green et al., 1994) .
Cytokine assays CD4 ϩ T cells were purified by passage through a nylon wool column (WAKO, Osaka, Japan) and complement-mediated cytotoxic treatment with anti-B220 and anti-CD8a (53-6.7) antibodies (PharMingen). Splenic cells from unimmunized wild-type mice were treated with 0.5 mg/ml of mitomycin C (Sigma, St Louis, MO) at 37°C for 30 min. Assays for cytokine production by CD4 ϩ T cells from KLH-immunized mice were conducted by culturing 2ϫ10 5 purified CD4 ϩ T cells with 5ϫ10 5 mitomycin C-treated splenic cells and 10 μg/ml of KLH. After 24 h culture, 100 μl of culture supernatant was removed from each well for IL-2 assay. For IFN-γ and IL-4 measurement, supernatants were removed after 4 days of culture. ELISA was used to determine the levels of IL-2, IFN-γ and IL-4 in culture supernatants using a kit from PharMingen (Kamogawa et al., 1993; Xu et al., 1996) .
T-cell proliferation assay
T cells from spleens were purified as described above. Microtiter plates were coated overnight at 4°C with anti-CD3 (145-2C11, PharMingen) at 1.0 μg/ml and mouse ICAM-1-human IgG fusion protein at 0, 0.001, 0.01 0.1 and 1 μg/ml. Purified T cells in 100 μl of complete RPMI 1640 medium were cultured in the above microtiter plates (1.2ϫ10 5 cells per well) for 72 h. Cell proliferation was measured by addition of [ 3 H]thymid-ine for the final 6 h of a 72 h incubation (Damle et al., 1992) . Cells were photographed (ϫ400 magnification) after 72 h incubation.
In parallel, purified T cells were activated with PMA and ionomycin, and cultured for 72 h. For the preparation of mouse ICAM-1-IgG fusion protein, a cDNA encoding soluble mouse ICAM-1 fragment (Sui et al., 1989) and the human IgG1 hinge plus constant region fragment (Tsuboi et al., 1996) were ligated into pcDNAI to yield pcDNAI-mouse ICAM-1-IgG. Three days after transfection of COS-1 cells with pcDNAI-mouse ICAM-1-IgG, mouse ICAM-1-IgG fusion protein was purified from the conditioned medium using anti-human IgG-agarose (Sigma).
Adhesion assay
T cells purified from spleens were labeled with [ 35 S]methionine (NEN), washed in RPMI 1640 medium containing 5% fetal calf serum (adhesion buffer) and resuspended at 5ϫ10 5 cells/ml in adhesion buffer containing PMA at 50 ng/ml. Microtiter plates were coated with mouse ICAM-1-IgG fusion protein, murine fibronectin (Gibco-BRL, Grand Island, NY) or human IgG at 10 μg/ml. The adhesion assay was carried out as described (Chan and Springer 1992; Manjunath et al., 1995) . T cells (5ϫ10 4 per well) labeled with [ 35 S]methionine were incubated in microtiter wells coated with purified ligands at 37°C for 15 min, then unbound cells were removed by washing with adhesion buffer. For antibody inhibition experiments, cells were incubated with anti-mouse LFA-1 (M17/4), anti-mouse CD43-115 kDa glycoform (S7), anti-mouse CD43-130 kDa glycoform (1B11) or anti-mouse E-selectin (10E9.6) (PharMingen) as an isotype-matched control (rat IgG 2a ) at room temperature for 10 min before adding to protein-coated plates.
All results described in Table I and Figures 4-7 were expressed as the mean Ϯ standard error of triplicate experiments, unless otherwise indicated. All experiments were repeated three times and the results of a representative experiment are shown. Wild-type littermates were used in all the experiments as control mice.
